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Solid interfaces have intrinsic elasticity. However in most experiments, this is obscured by bulk
stresses. Through microscopic observations of the contact-line geometry of a partially wetting
droplet on an anisotropically stretched substrate, we measure two surface-elastic constants that
quantify the linear dependence of the surface stress of a soft polymer gel on its strain. With these
two parameters, one can predict surface stresses for general deformations of the material in the
linear-elastic limit.
Surface stress describes the in-plane force per unit
length required to deform a material interface. While the
concept is widely used to characterize capillarity on liq-
uid interfaces, the surface stresses of solids are normally
overlooked as they are too weak to significantly deform
bulk solids. However, recent works have shown that solid
surface stress is essential to understand contact mechan-
ics on soft-solid interfaces at µm to nm scales [1–9]. For a
solid material with Young modulus, E, and surface stress,
Υ, solid capillarity has been shown to dominate over bulk
elasticity at scales smaller than the elastocapillary length
scale, le = Υ/E [10–12]. In this regime, the significant
force contribution from surface stress, Υ, fundamentally
alters experimental behavior, and consequently the inter-
pretation of many materials characterization techniques.
Examples where surface stress can play an important role
include atomic force microscopy probing of nanowire in-
terfaces [13, 14], indentation tests [3, 15–17] and wetta-
bility measurements of soft solids [18–24].
In contrast to the surface tension of simple liquids,
solid surface stresses are generally expected to be a
strain-dependent tensor [25, 26]. For small surface de-
formations, solid surface stresses are related to a strain
dependent surface energy, γ, through the Shuttleworth
equation [25, 27]
Υij = γδij +
∂γ
∂sij
(1)
where δij is the unit tensor and 
s
ij is the surface-strain
tensor. In a recent study, we observed strain dependence
of the surface stress by considering the microscropic con-
tact line geometry of a partially wetting liquid droplet
on an equibiaxially-stretched, soft, silicone gel [28]. We
measured how the radial stress at the contact line, Υrr,
has a linear dependence on the local, equibiaxial strain s,
given by Υrr(
s) = γ0 +Λ
s. The surface stress increases
rapidly with strain, due to the large value of the elastic
constant, Λ = 126 mN/m. While that measurement es-
tablished the strain-dependence of the gel’s surface stress,
a proper characterization of linear surface elasticity re-
quires the measurement of two elastic constants [29–31].
With both of these material parameters, surface stress
would be predictable for any deformation in the linear
limit.
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FIG. 1. Experimental Schematics. (a) Side view of the
experimental setup. A layer of soft gel is deposited on top
of a stiffer membrane. Two sides of the membrane are then
clamped to a uniaxial stretching device, and a glycerol droplet
is placed on the surface. To visualize surface deformations,
fluorescent beads are embedded just below the upper surface
of the soft gel (indicated by the red beads), and the whole
system is placed on a confocal microscope. (b) Top view.
Moving the clamped sides of the membrane outwards gener-
ates a far-field strain ∞‖ along the stretching direction and
a slight compressive strain field ∞⊥ along the perpendicular
direction. (c) Optical microscopic images of a droplet right
before applying stretch. (d) The droplet image right after
applying a far-field stretch ∞‖ = 10% and ∞⊥ = −1.3%.
(e) Droplet image at two hours after the stretch. (f) To di-
rectly show the relaxation of the droplet, we plot the traces
of drop boundaries in panels (c) (yellow), (d) (red) and (e)
(blue) together. All the error bars correspond to 200 µm.
Here we probe the surface elasticity of a uniaxially-
stretched, soft, silicone gel by examining the wetting
ridge formed at the contact line of partially wetting glyc-
erol droplets [32–35]. The surface stress is found to be
anisotropic, depending on the local orientation of the
droplet’s surface relative to the applied strain. The strain
and orientation dependence of the surface stress can be
fully described through surface Lame´ coefficients, λs and
µs. At zero strain, the surface stress is isotropic and
equal to 22 mN/m. For applied strains of up to 28%, we
find that λs and µs are constant and equal to 43 mN/m
and 20 mN/m respectively.
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FIG. 2. Microscopic wetting profiles. (a) Local wetting profiles at positions A and B (see the inset schematic) under strains
of ∞‖ = 0, 0.13, 0.22 and 0.25. At points A/B, the contact line is perpendicular/parallel to the stretch respectively. three-phase
contact line. (c) The angles between interfaces at the contact line are given by a Neumann-triangle like stress balance between
the three interfacial tensions. In our experiments, the ridge is always symmetric, indicating that the solid-liquid and solid-vapor
surface stresses are equal. (d) The wetting-ridge-tip angle, α increases with applied strain ∞, but faster when the applied
strain is perpendicular to the contact line (point A). (e,f) Plots of the measured local strains, rr and θθ, at the wetting-ridge
tip as a function of the applied strain ∞‖. These include contributions both from the applied stretch, and from deformations
that arise during the growth of the wetting ridge.
Soft silicone (Dow Corning CY52-276) substrates were
prepared as described previously [16]. The film is 80 µm
thick, has Young modulus, E = 3.0 kPa, Poisson ratio,
ν = 0.496, and is supported by an stiff silicone mem-
brane (SMI). The membrane was clamped to a uniaxial
stretcher [36] at two opposite edges that have a sepa-
ration that can be finely controlled with a micro-meter
stage (see Fig. 1a). We use the stretcher to apply a
far-field strain field, ∞‖, which simultaneously results in
a smaller, compressive strain, ∞⊥, in the perpendicular
direction (see Fig. 1b). These are quantified by locating
and tracking the displacement of fluorescent beads (Life
Technologies, F-8795) embedded just under the surface
of the silicone gel [37].
To avoid any effects of contact-line hysteresis, we de-
veloped a standard protocol for applying the droplet to
the substrate. We first deposited a glycerol droplet with
a radius around 500 µm at the center of the unstretched
substrate. After waiting for 40 minutes for the droplet to
relax, we apply a strain. Immediately after the stretch
is applied, the droplet has an elliptical shape. However,
we wait for at least two hours, as within this time, the
droplet’s contact line returns to a circular shape identical
to the unstretched droplet (see Figs. 1c -e). This lack of
pinning occurs as the contact line of glycerol can freely
move along our soft gels [28, 38]. The contact line relax-
ation can be clearly seen in Fig. 1f which compares the
droplet boundaries extracted from equilibrium state in
Fig. 1c,e (yellow and light blue) to the elliptical outline
right after the stretch from panel d (red). Note that the
final droplet shape is also the same if it is placed on the
substrate after stretching.
While the macroscopic contact angle is determined by
the solid surface energy, microscopic wetting profiles near
the contact line are governed by the radial component of
surface stress Υrr [35, 39]. We quantify the local surface
deformation near the contact line by locating particles
in confocal fluorescence image stacks, as described previ-
ously in Ref. [37] . Wetting profiles are shown at two dif-
ferent locations along the contact line in Fig. 2a, where
the contact line is either perpendicular (A) or parallel
(B) to the applied stretch. In these plots, the droplet lies
to the left of the wetting ridge, which is roughly 15µm
tall. While the profiles at region A exhibit clear depen-
3dence on stretch, the change of the profiles at B is more
subtle. The local ridge geometry is determined by a local
balance of the surface stresses [35] (see Fig 2c). Since the
macroscopic contact angle always remains close to 90◦,
the ridge symmetry suggests that the solid-liquid and
solid-vapor surface stresses are equal. Applying a force
balance in the out-of-plane direction, we can thus equate
the liquid surface tension γlv with the vertical component
of the two solid surface stresses:
Υrr =
γlv
2 cos (α/2)
. (2)
Here, α is the opening angle of the wedge [16]. In the un-
stretched state, α is the same around the circumference
of the droplet (α|A = 95.6± 1.3◦ and α|B = 94.7± 1.8◦).
However, as ∞‖ increases, α changes at points A and B
quite differently. This is demonstrated in Fig. 2d. α is
much more sensitive to applied strain when the contact
line is perpendicular, rather than parallel, to the applied
strain. Thus, Eq. 2 suggests that the surface stress in-
creases faster along the direction of applied stretch than
in the orthogonal direction as ∞‖ increases.
To understand the origin of the anisotropy in surface
stress, we need to relate local changes in the surface stress
to local surface strain. We use rˆ and θˆ to symbolize di-
rections normal and tangent to the contact line, respec-
tively. Accordingly, srr and 
s
θθ correspond to the local,
normal surface strains in the radial and hoop directions,
while srθ is the shear strain. The locations of A and
B are chosen such that srθ = 0. We measure 
s
rr and
sθθ by combining the strains that arise from two sources:
the applied strain from the stretcher, and further sur-
face stretching due to the formation of the wetting ridge.
First, we measure the far-field strains (∞‖, ∞⊥) from vi-
sualising sheet displacements before addition of a droplet.
Second, we determine the additional local strains caused
by wetting ridge formation. The latter can be obtained
by tracking the movements of fluorescent beads in 3D af-
ter placing the droplets (see [16] and the Supplemental
Information). The variation of the local strain with the
far field strain at A and B are shown in Fig. 2e-f. At
A, the radial strain srr increases significantly with ∞‖
while sθθ slightly decreases due to the contractive strain
∞⊥. On the other hand, srr and 
s
θθ show the opposite
trends at B.
The variation of the surface stress with the local strain
field is shown in Fig. 3a. The surface stress increases
with both srr and 
s
θθ, as shown by the size of the cir-
cle around each data point. We combine uniaxial stretch
measurements at points A and B (blue up triangles and
green down triangles respectively) with previously re-
ported measurements for equibiaxial stretch on the same
material (shown in pink diamonds) [28].
To interpret the measured strain-dependence of the
surface stress, we consider the relation between the
surface-stress tensor Υij(
s
ij) and surface energy γ(
s
ij)
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FIG. 3. Fitting the surface Lame´ coefficients. (a) The
dependence of surface stress Υrr on rr and θθ. For each data
point the radius of the circle indicates the measured value
of the surface stress. The underlying colormap shows the
prediction of Eq. 5 using the best-fit values of λs and µs. Here
blue uptriangles and green downtriangles correspond to the
experimental data points from points A and B, respectively.
The pink diamonds are the biaxial stretcher results from [28].
The yellow dashed line indicates the zero-strain surface stress
Υ0. (b) Measured values of Υrr agree very well with the
predictions of Eq. 5, using the best fit-values of λs and µs.
via the Shuttleworth equation (Eq.1). At leading order,
the most general equation for the dependence of surface
energy on surface strain is
γ = γ0 +Bij
s
ij +
1
2
Cijkl
s
ij
s
kl (3)
If we further assume that the material is isotropic, then
we can write Bij = (Υ0− γ0)δij and Cijkl = (λs− (Υ0−
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FIG. 4. Strain-dependent surface stress and surface
energy. Using measured elastic constant λs and µs, Eq. 3
and Eq. 5 are plotted to show the analytic solution of surface
energy (pink dashed line) and surface stress (blue solid line)
for equibiaxial strain.
γ0))δijδkl + µ
s(δikδjl + δilδjk). Thus,
Υij = Υ0 + λ
sskkδij + 2µ
ssij , (4)
where λs and µs are the two surface Lame´ coefficients.
Since srθ = 0 at A and B, we find that
Υrr = Υ0 + (2µ
s + λs)srr + λ
ssθθ. (5)
We use this expression to fit our data for Υrr(
s
rr, 
s
θθ)
to Eq. 5. We obtain a fit with Υ0 = 21.8 ± 3.0 mN/m,
λs = 43.1 ± 5.2 mN/m and µs = 20.2 ± 3.1 mN/m. The
accuracy of the linear-elastic model is highlighted in Fig.
3b by plotting all of the measured values of Υrr against
the prediction of Eq.5 with the fitted Lame´ constants.
Why do we see such a clear effect of strain on the mi-
croscopic contact line geometry, even though macroscopic
contact angles appear to be unchanged by substrate de-
formation? First, while the microscopic contact line ge-
ometry depends on the surface stresses, the macroscopic
contact angle depends on the surface energies through
Young’s law, γlv cos θ = γsv−γsl [10]. Since we find that
the zero-strain surface stress is indistinguishable from the
expected surface energy of silicone polymers (Υ0 ≈ γ0,
cf [40]), the linear term in Eq. 3 disappears. Thus,
changes in surface energy, ∆γ, scale as (s)2. On the
other hand, we find that changes in surface stress, ∆Υ,
vary as s. Therefore, we generally expect ∆Υ  ∆γ
for small strains. This is highlighted in Fig. 4, where
we plot γ and Υrr against equibiaxial strain using mea-
sured values of λs and µs. Even for rather large strains
of 25%, changes in Υ are much bigger than changes in γ.
Second, the macroscopic contact angle depends on the
difference of the solid surface energies against the liq-
uid and vapor phases. Thus, changes to the macroscopic
contact angle can only occur when the surface elastic
constants are different on either side of the contact line.
Together, these observations demonstrate why the micro-
scopic line geometry is more sensitive to strain than the
classic macroscopic contact angle.
Our results provide a full description of the surface
elasticity of a polymer gel. While surface elastic con-
stants have be widely investigated for complex fluid-fluid
interfaces [41, 42], we are not aware of any measurement
of the surface elastic constants of any solid material. The-
oretical calculations have predicted the elastic constants
for hard materials[43], but we are aware of no theoreti-
cal predictions for soft solids. An understanding of the
relationship between the structure and properties of the
surface will be an important topic for future investiga-
tion. Rationale control of the interfacial structure could
enable new mechanical properties for applications in wet-
ting, adhesion, and surface instabilities.
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